Abstract Ethylenediaminetetraacetic acid (EDTA) used with electrokinetic (EK) to remediate heavy metal-polluted soils is a toxic chelate for soil microorganisms. Therefore, this study aimed to evaluate the effects of alternative organic chelates to EDTA on improving the microbial properties of a heavy metal-polluted soil subjected to EK. Cow manure extract (CME), poultry manure extract (PME) and EDTA were applied to a lead (Pb) and zinc (Zn)-polluted calcareous soil which were subjected to two electric intensities (1.1 and 3.3 v/cm). Soil carbon pools, microbial activity, microbial abundance (e.g., fungal, actinomycetes and bacterial abundances) and diethylenetriaminepentaacetic acid (DTPA)-extractable Pb and Zn (available forms) were assessed in both cathodic and anodic soils. Applying the EK to soil decreased all the microbial variables in the cathodic and anodic soils in the absence or presence of chelates. Both CME and PME applied with two electric intensities decreased the negative effect of EK on soil microbial variables. The lowest values of soil microbial variables were observed when EK was combined with EDTA. The following order was observed in values of soil microbial variables after treating with EK and chelates: EK + CME or EK + PME > EK > EK + EDTA. The CME and PME could increase the concentrations of available Pb and Zn, although the increase was less than that of EDTA. Overall, despite increasing soil available Pb and Zn, the combination of EK with manures (CME or PME) mitigated the negative effects of using EK on soil microbial properties. This study suggested that the synthetic chelates such as EDTA could be replaced with manures to alleviate the environmental risks of EK application.
Introduction
Soil heavy metal pollutions have become a severe problem in many parts of the world (Cui et al. 2017; Facchinelli et al. 2001; Kovacs and Szemmelveisz 2017; Li et al. 2014; . In response, various remediation techniques have been developed to decontaminate the heavy metal-polluted soils (Chen et al. 2015; Lu et al. 2014; Qiao et al. 2017; Radu et al. 2015) . Electrokinetic remediation (EK) is a newly developed method and has shown to successfully remediate heavy metal-polluted soils (Chirakkara et al. 2015; Dong et al. 2013; Falciglia et al. 2017; Giannis et al. 2010; Mu'azu et al. 2016) . In this method, direct electric current is applied into soil, leading to the migration of soil solutions, ions and colloids, through different mechanisms including electroosmosis, electromigration and electrophoresis (Acar and Alshawabkeh 1993; Safari Sinegani et al. 2015) .
To enhance the efficiency of the EK, chelates are also applied in the contaminated soils (chelate-enhanced electrokinetic) to minimise the precipitation of heavy metals at the cathode and enhance the solubility of heavy metals (Alcántara et al. 2012; Falciglia et al. 2017; Giannis et al. 2009; Yeung et al. 1996; Yoo et al. 2015) . Ethylenediaminetetraacetic acid (EDTA) is one of the most used chelates applied with EK for the remediation of heavy metals (Alcántara et al. 2012; Dasgupta et al. 2016; Dong et al. 2013; Ryu et al. 2017; Song et al. 2016; Zhang et al. 2014) . Although the application of chelates with EK has been reported to improve the EK efficiency, both the EK and chelates have shown to negatively influence soil biochemical properties (Alkorta et al. 2004; Baek et al. 2009; Epelde et al. 2008; Safari Sinegani et al. 2015) .
The EK has been shown to decrease soil microbial biomass carbon (MBC), microbial activity and abundance possibly due to the toxic effects of released heavy metals and/or soil pH alteration (Cang et al. 2012; Choi et al. 2013; Guo et al. 2014; Li et al. 2010; Li et al. 2015; Tahmasbian and Nasrazadani 2012; Wang et al. 2013 ). However, a study reported an increased MBC in a pot experiment following EK treatment due to the release of the organic substrate (Cang et al. 2012) . A stimulation of soil respiration (SR) next to anode has been also observed due to increased nutrient availability and enhanced microbial attempt to maintain their intercellular pH (Lear et al. 2004) . EDTA has shown to reduce soil microbial activity, MBC and abundance due to the toxicity of EDTA and increased heavy metal availability and solubility (Lee and Sung 2014; Mühlbachová 2011; Pramanik and Kim 2013; Tahmasbian Ghahfarokhi 2012; Usman et al. 2013) . Hence, combining the EK with EDTA can intensify the detrimental effects of EK on soil microbial properties (Kim et al. 2010; Tahmasbian Ghahfarokhi 2012) . Therefore, it is necessary to replace EDTA with chelates, which are more environmentally friendly, to mitigate the negative effects of EK on soil biochemical properties.
The alternative chelates are required to increase the availability of heavy metals in soils to enhance EK efficiency with less negative effects on soil microbial properties. Manures have been frequently reported to increase the availability of heavy metals in soil (Almås et al. 1999; de la Fuente et al. 2011; Poonia and Sharma 2013; Safari Sinegani et al. 2016; Safari Singani and Ahmadi 2012; Wu et al. 2012) . Manures were also reported to improve soil microbial properties through increasing the organic substrate and soil physiochemical conditions (Elzobair et al. 2016; Pu et al. 2017; Usman et al. 2013; Zhang et al. 2017) . Our complementary studies have also shown that the combination of manures and EK (manureenhanced EK) increased the diethylenetriaminepentaacetic acid (DTPA)-extractable (available) form of heavy metals in the contaminated soils (Safari Sinegani et al. 2015; Tahmasbian Ghahfarokhi 2012; . However, effects of the application of manure-enhanced EK on soil microbial properties remain uncertain. Therefore, this study aimed to evaluate the effects of manure-enhanced EK on soil microbial properties as an alternative to EDTA-enhanced EK.
Materials and methods

Pot establishment, treatments and experimental design
Soil used in this pot trial was collected from the top 20 cm of a pasture located in the vicinity of a lead (Pb) and zinc (Zn) mine in Hamadan province (34°10′18.59″N, 48°59′49.34″E), west Iran in 2012. The characteristics of the soil are shown in Table 1 . The soil was sieved (2 mm) prior to pot establishment, and 7 kg of the soil was placed in plastic pots (20 cm height and 11 cm radius). A graphite electrode (1 cm × 1 cm × 15 cm) was inserted in the centre of the pot as cathode with four electrodes inserted around the pot as anodes. Therefore, a centreoriented multiple-anode-electrode system was applied in each pot using graphite electrodes to create homogeneous electric fields in the whole pot ( Fig. 1) (Tahmasbian and Safari Sinegani 2013) . A cylindrical galvanised iron mesh (20 cm height and 5.5 cm internal radius) was placed in each pot to divide the soil into cathodic and anodic sections enabling us to study and explain the effects of treatments in each cathodic and anodic soil separately (Fig. 1) . Tahmasbian and Safari Sinegani (2013) and Tahmasbian Ghahfarokhi (2012) The chelates used in this experiment included EDTA as the most commonly used chelate, as well as cow manure extract (CME) and poultry manure extract (PME), to be assessed as alternatives to EDTA. All the chelates were sterilised in an autoclave at 121°C for 20 min and applied to the soils at a rate of 2 g kg −1 dry soil 30 days following the pot establishment (Tahmasbian and Safari Sinegani 2013) . Fresh manures were collected from a local farm and added to deionised water (1:5 ratio), and the suspension was shaken at 120 rpm for 20 min. The suspension was then centrifuged at 4000 rpm for 10 min. The solution was then filtered before applying to the soil. The properties of the CME and PME have been summarised in Table 1 .
The EK was applied with two intensities including 1.1 and 3.3 V/cm (Safari Sinegani et al. 2015) . Intensities of electric fields were chosen to be within the range of other studies Jackman et al. 1999; Li et al. 2010; Safari Sinegani 2014, 2016) . Each pot received either 1.1 or 3.3 V/cm, 14 days after the chelate application to the soil, 1 h day −1 for 14 contiguous days (Lim et al. 2004; Safari Sinegani 2013, 2014) . The control soil received only electricity (either 1.1 or 3.3 V/cm). The pots were watered during the whole period of the experiment, and soils were kept at approximately 80% field capacity. The experiment was a complete randomised design with three replicates. The pots were randomly placed in a temperature-controlled glasshouse at a consistent temperature varied between 22 and 25°C.
Sample collection and analyses
At the end of the experiment, 58 days following the pot establishment, fresh soil samples were carefully removed from inside and outside of the meshes and labelled as cathodic and anodic soils, respectively. The samples were placed in ziplock plastic bags and stored at 4°C. All the microbial analyses were conducted within 2 weeks following the sample collection. Soil total organic carbon (TOC) was measured using Walkley and Black procedure (Walkley and Black 1934) . To measure soil MBC, two 10 g sub-samples of fresh soil at each replicate were weighed; one of the sub-samples was fumigated by chloroform for 24 h. All fumigated and non-fumigated subsamples were added 50 ml of 0.5 M K 2 SO 4 and were shaken with an end-over-end shaker for 30 min, followed by filtering through a Whatman 42 filter paper. The total organic carbon of both extractions was measured using Walkley and Black method (Walkley and Black 1934) . The MBC were derived as described by Vance et al. (1987) . Soil respiration (SR) was assessed using sodium hydroxide (NaOH) trap method. The fresh soil (25 g) was incubated in a sealed plastic container (1 l) at 22°C for 7 days. The carbon dioxide (CO 2 ) produced by soil respiration was trapped in 10 ml of 0.1 M NaOH. The remaining NaOH was then titrated using 0.05 M HCl (Hosseini Bai et al. 2012) .
Soil fungal abundance (FA), actinomycetes abundance (AA) and bacterial abundance (BA) were evaluated using colony counting method on potato dextrose agar, rose bengal starch casein nitrate agar and nutrient agar, respectively (Alef and Nannipieri 1995) . The potato dextrose agar and nutrient agar were purchased from Merck.
Soil electrical conductivity (EC) and pH were measured in 1:5 soil-water extract (Tahmasbian and Safari Sinegani 2013) . Soil available Pb and Zn were extracted by DTPA (Lindsay and Norvell 1978) and analysed by atomic absorption spectrometry on a Varian 220 instrument.
Statistical analysis
A three-way factorial analysis of variance (ANOVA) was performed using soil charges (cathodic and anodic), chelates (EDTA, CME and PME) and EK intensities (1.1 and 3.3 V/ cm) as the main effects to determine the differences among the microbial variables, EC and available forms of Pb and Zn followed by Duncan's new multiple range test. The interactions among soil charges, chelates and EK intensities in most variables were significant (data not presented). Therefore, a two-way ANOVA was performed to test the effects of chelates and EK treatments in each cathodic and anodic soil separately (Table 2) . In each soil, when the interactions between chelate and EK were not significant, EK and chelate treatments were assessed separately using a one-way ANOVA (TOC, MBC, and available Pb in the cathodic soil, BA in the cathodic and anodic soils).
It should be noted that the data of soil heavy metal concentrations including total concentration, soluble + exchangeable (sol-exch) fraction, organic-bound and carbonate-bound fractions have been extracted from our complimentary studies Safari Sinegani 2013, 2014) to perform a Fig. 1 The schematic image of the electrokinetic system in the pots. + and − present anode and cathode, respectively; grey arrows indicate the direction of the electric fields correlation between soil microbial and chemical properties. The statistical analyses were conducted using SAS 9.4.
Results
Effects of chelates and EK on cathodic soil
The EK did not significantly affect soil TOC (Tabel 2). Soil TOC in the EDTA-treated soil also did not differ compared to control; however, CME and PME significantly increased soil TOC compared to both the control and EDTA (Fig. 2a) . Although MBC decreased significantly in all three chelates compared to the control, it was significantly higher in CMEand PME-treated soils compared to EDTA (Fig. 2b) . EK also significantly reduced MBC in the cathodic soil compared to the control, but there was no significant difference between electricity levels (Fig. 2c) . The interaction between chelates and EK was not significant for MBC. The CME-and PME-treated soils increased the SR compared to EDTA in all the electricity levels. Increasing the intensity of the electric fields decreased the SR in all the chelatetreated soils (Fig. 3a) .
In general, FA and AA were significantly higher in CMEand PME-treated soils than those of EDTA regardless of the electricity levels (Fig. 3c, e) . BAwas also significantly higher in CME-and PME-treated soils compared to EDTA and the control, whereas EK significantly decreased BA (Fig. 4a, b) . The interaction between chelates and EK was not significant for BA. The values of EC increased in all the chelate-treated soils compared to the control and decreased by increasing the electric intensity (Fig. 5a ). The effects of chelates, EK and their interaction were significant for pH (Table 2) . There was not an obvious trend in the variation of pH. However, the highest pH was observed in EDTA combined with 3.3 V/cm while CME reduced pH to its minimum in the absence of electricity (Table 3) .
The EDTA and PME significantly increased the concentrations of available Pb compared to the control in cathodic soil. The differences of available Pb in CME-treated soil were not statistically significant (Fig. 6a) . EK also significantly increased available Pb compared to the control, but there was no significant difference between electricity levels (Fig. 6b) . The interaction between EK and chelates was not significant for available Pb.
The maximum values of available Zn in lower electric field intensity (0 and 1.1 V/cm) were measured in EDTA-treated soil followed by CME. In the high electric field intensity (3.3 V/ cm); however, the concentration of available Zn was significantly higher in PME compared to other chelates (Fig. 6c) .
Effects of chelates and EK on anodic soil
Soil TOC was not significantly altered by chelates and EK in the anodic soil (Table 2 ). MBC and SR were significantly higher in CME and PME compared to EDTA and the control in all the electricity levels. Increasing the electric fields intensified the decreases of MBC and SR in anodic soil (Figs. 2d and 3b) .
The values of FA and AA were significantly higher in CME and PME compared to EDTA in all the electric field intensities, although increasing the electric field intensities decreased FA and AA in all the chelate-treated soils (Fig. 3d, f) . BA was also significantly higher in CME and PME compared with EDTA and the control (Fig. 4c) . The electric fields decreased the values of BA by increasing the intensity (Fig. 4d) . The interaction between chelates and electric fields was not significant for BA. The EC values increased in all the chelates whereas decreased by electric treatment except in PME (Fig. 5b) . The maximum values of pH were observed in EDTA and PME in the absence of electricity, and the minimum value was observed in PME combined with 3.3 V/cm (Table 3) .
The highest concentration of available Pb was measured in the soils treated with EDTA combined with 1.1 V/cm electricity, while in other levels of electricity, EDTA did not increase Control CME EDTA PME 0 1.1 3.3
Chelates Electric field intensity (V/cm)
Control CME EDTA PME 0 1.1 3.3 MBC (mg C/kg soil) Anodic soil CME Control EDTA PME a d b Fig. 2 Effects of chelates on total organic C (TOC) in cathodic soil (a). Effects of chelates and electric fields (EK) on soil microbial biomass (MBC) in cathodic soil (b, c respectively). The interaction of chelates and EK on MBC in anodic soil (d). Different letters show significant differences at P < 0.05 the concentrations of available Pb. CME and PME significantly increased available Pb in the 3.3 V/cm compared to the control (Fig. 6d) . There was no significant difference between the values of available Pb in CME and PME combined with 1.1 V/cm and that of the control. All the three chelates increased the available Zn in the presence of electricity with the maximum values in PME-treated soil in 3.3 V/cm (Fig. 6e) .
Relationship among soil biochemical properties
In cathodic soil, microbial variables had a significant but negative correlation with the available forms and total concentrations of heavy metals. The variables were also negatively correlated to the carbonate-bound fraction of heavy metals and pH. Soil microbial variables were positively correlated to soil TOC and EC (Table 4) .
In anodic soil, microbial variables had significant, but negative, correlations with sol-exch fraction and available form of heavy metals. The correlation was positive among soil microbial variables, carbonate-bound and the total concentrations of heavy metals (Table 4) .
Discussion
Our results indicated that EK combined with either CME, PME or EDTA decreased soil microbial variables in both cathodic and anodic soils. However, the magnitude of the 8.5
Control CME EDTA PME Control CME EDTA PME 0 1. Different letters show significant differences at P < 0.05 reduction was smaller where EK was applied with either CME or PME compared to that applied with EDTA which further supported our hypotheses. In summary, the following order was observed for the values of microbial variables in the treated soils: microbial variables in EK + CME or EK + PME > EK > EK + EDTA.
The reduction of soil microbial activity and abundance was mainly influenced by EK and EDTA in this study which was consistent with other studies (Bahemmat et al. 2015; Pramanik and Kim 2013) . For example, a decrease in microbial respiration, abundance and enzyme activities after the EK application has been reported due to the variation in soil pH and soil heavy metal concentrations (Bahemmat et al. 2015; Cang et al. 2012) . EDTA application was also reported to decrease soil microbial activity due to the formation of EDTA-heavy metal complex (Pramanik and Kim 2013) . In our study, hence, the changes in heavy metal availability can be considered as the main driving factor in soil bacterial activity and abundance after a chelate-enhanced EK treatment.
In the cathodic soil of the current study, the reduction in microbial variables might also be attributed to heavy metal availability and accumulation. EDTA, manures and EK increased the available forms of heavy metals in the current study. In general, EDTA and manures increase the sol-exch fraction and available forms of heavy metals via forming a heavy metal-chelate complex whereas EK increases the solubility of heavy metals by H + generation at anode (Safari Sinegani et al. 2015; Sah and Che 1998; Virkutyte et al. 2002; Zhao et al. 2014) . The solubilised heavy metals are then transported from anode to cathode by electroosmosis and electromigration, which increase the total concentrations of heavy metals in cathodic soil Safari Sinegani et al. 2015; Virkutyte et al. 2002; Zelina and Rusling 1998) . The increased available forms of heavy metals by various chelates and EK as well as heavy metal accumulation in cathodic soil have been also reported in other studies (Safari Sinegani et al. 2015; Sah and Che 1998; Virkutyte et al. 2002; Zhao et al. 2014) . For example, EDTA has significantly increased the soluble form of heavy metals in soil due to the formation of heavy metal-EDTA complex (Song et al. 2016 ) which was consistent with the results of this study. In another study, cattle manures have been also shown to increase the availability of heavy metals in soil (Zhao et al. 2014) . Therefore, the toxicity of the heavy metals in cathodic soil might be one of the main driving factors for the reduction of soil microbial variables in the current study.
The toxic effects of heavy metals occur when heavy metals, such as Pb and Zn, bind to sulfhydryl groups in microbial cells and inhibit the activity of sensitive enzymes (Nies 1999; Wang et al. 2009 ). Heavy metals may also interact with physiological ions and, therefore, inhibit the function of respective physiological cations (Nies 1999; Wang et al. 2009 ). Heavy metal toxicity has been frequently reported to restrict soil microbial activities and abundance (Baath 1989; Feng et al. 2016; Kandeler et al. 1996; Rajapaksha et al. 2004) .
A combination of EDTA toxicity and pH alteration by EK has also been shown in other studies to negatively decrease soil microbial variables (Bahemmat et al. 2015; Epelde et al. 2008; Kim et al. 2010; Lear et al. 2004 ). In the current study, we did not assess EDTA toxicity; however, we observed soil pH alteration which may have been contributed in soil microbial suppression in cathodic soil. A strong correlation has been reported between the variation in soil pH and microbial activity after EK treatment ). Another study also explained that the reduction of microbial properties in the vicinity of the electrodes is due to the variations in soil pH (Bahemmat et al. 2015 ). In the current experiment, despite the fact that there was a correlation among soil pH and microbial variables in cathodic soil, the pH responses to specific treatments, measured at the end of the experiment, were not explicit. This might be due to the buffering capacity of calcareous soil which somewhat resulted in masking the main effects of pH on soil variables (Foth 1991) .
In anodic soil, soil microbial reduction might also be attributed to the toxicity of heavy metals which was supported by Different letters show significant differences at the 0.05 probability level for each soil CME cow manure extract, PME poultry manure extract, EDTA ethylenediaminetetraacetic acid a The data extracted from Tahmasbian and Safari Sinegani (2013) negative correlation among microbial variables and sol-exch fraction of heavy metals (Table 4 ). In the current experiment, available forms of Ph and Zn were increased in anodic soil which was consistent with our complimentary study conducted using the same system (Tahmasbian and Safari Sinegani 2013) . In our complimentary study, the sol-exch fraction of heavy metals increased in the anodic soil (Tahmasbian and Safari Sinegani 2013) . Other studies have also reported that the concentration of soluble and available forms of heavy metals increase in anodic soils (Giannis et al. 2010; Reddy et al. 2001; Virkutyte et al. 2002) . Therefore, the increase in soluble and available forms of heavy metals might be one of the main factors reducing soil microbial variables in anodic soil. The migration of microorganisms by electrophoresis from the anodic soil to the cathodic soil may be the additional possible mechanism explaining the decrease of microbial variables in the anodic soil. The positive correlations among microbial variables, total and carbonate-bound heavy metals in anodic soil may suggest the simultaneous migration of microorganisms and heavy metals resulted by electrophoresis, electroosmosis and electromigration. The possibility of microorganism migrations in soil by electrokinetic has been previously reported (Kim et al. 2005; Mena et al. 2011 ). Many studies have indicated that manures and their extracts including CME and PME solubilise heavy metals, leading to increase the heavy metals in the sol-exch and available forms (de la Fuente et al. 2011; Poonia and Sharma 2013; Zhao et al. 2014) . However, the solubilising effects of CME and PME were less than that of EDTA in the current study which was also supported by our complementary studies Safari Sinegani 2013, 2014) . Hence, the lesser heavy metal solubilisation might have been tolerated by soil microorganisms. Furthermore, organic treatments increase soil organic C and nutrients due to high organic content (Darby et al. 2016; Nguyen et al. 2017) . Soil organic C is the primary source of C for soil microorganisms and has been reported to influence soil microbial activities (Bardgett 2005; Darby et al. 2016; Flessa et al. 2000; Hosseini Bai et al. 2015) . The negative effects of increasing the toxicity of heavy metals by EK might have been offset by the stimulation effects of CME and PME on soil microbial biomass, activity and abundance. It could be suggested that EK application in the presence of manures (CME and PME) can minimise the environmental risks of EK remediation of heavy metal-polluted soils.
Conclusion
The effects of using CME and PME in combination with EK on soil microbial properties were evaluated and compared with EDTA. The results showed that CME and PME could significantly reduce the negative effects of EK on soil microbial variables compared to using EK alone or in combination with EDTA. Thus, it could be suggested that EDTA can be replaced by manures such as CME and PME to mitigate the negative effects of EK remediation of heavy metal-polluted soils. 
